Abstract. Few studies have examined apoptosis induced by low-voltage electric pulses (LVEPs). LVEP-induce changes in membrane potential that are below the membrane breakdown threshold and increase membrane permeability without electroporation (pore formation) through the transport of extracellular substances via phagocytosis. We demonstrated that propidium iodide uptake and apoptosis increased in accordance with the duration and number of LVEPs in B16 cells, which showed relatively good viability under mild electric field conditions. We showed that LVEP-induced apoptosis was achieved through caspase-8 and -9 activation and subsequent caspase-3 activation. Long-duration LVEPs caused only mild cell damage, such that the apoptosis ratio (apoptosis/total cell death) in electric pulse-treated cells was similar to that in non-treated control cells. To assess the relative degree of caspase dependency in LVEP-induced apoptosis, the apoptosis rate and caspase-3 activity were analyzed using a pan-caspase inhibitor (Z-VAD-FMK). Z-VAD-FMK treatment inhibited, but did not abolish, LVEP-induced apoptosis, indicating that caspases other than caspase-3 participate in this pathway. Moreover, LVEP treatment inhibited cell growth, suggesting that LVEP treatment may be a valuable anticancer therapy. Although the mechanism of LVEP-induced apoptosis remains unclear, it may be related to dysfunctional membrane transport of Ca 2+ and other extracellular substances involved in caspase activation.
Introduction
Electric fields have been widely used in a variety of in vitro and in vivo biotechnical applications (1) (2) (3) . Electroporation, in particular, has been investigated as a novel anticancer therapy, known as electrochemotherapy (3) . The applied electric field generates large depolarizing and hyperpolarizing transmembrane potentials across the cell, followed by electrical membrane breakdown when the membrane potential reaches a critical value (i.e., the membrane breakdown threshold), resulting in the formation of pores. During the effective 'pore open time', solutes that are typically unable to permeate the membrane are added to the extracellular medium and allowed to enter the cell via the pores (1, 4) . This method has been used to introduce anticancer agents that effectively induce cancer cell death (3) .
However, the application of high-intensity electric fields also induces necrotic cell death, rather than apoptosis, as a result of cell damage (5) (6) (7) . Necrotic cells are characterized by irreversible plasma membrane rupture as a result of severe cell damage and dysfunction, which in turn induces an inflammatory reaction. In contrast, the membrane integrity of an apoptotic cell is maintained and the cell is removed by phagocytosis without inducing an inflammatory response (8, 9) . Thus, developing methods to selectively induce apoptosis, rather than necrosis, is a desirable endpoint for anticancer therapy (10) . However, high-intensity electric fields may also cause undesirable side effects (6) . Therefore, apoptosis induced by a milder electric field would be a favorable alternative to high-voltage electroporation.
Previous studies reported that a moderate electric field induced apoptosis (11) . Furthermore, we previously demonstrated that a relatively low-intensity electric field, with a membrane potential approximately half that of the membrane breakdown threshold of mammalian cells, induced a higher apoptosis ratio (apoptosis/necrosis) than high-intensity electric fields in human squamous cell carcinoma of the tongue (SCC 9) cells (12) . In general, mild electric fields appear to induce less cell damage and greater cell survival than highintensity fields. If the transmembrane potential induced by such a field is lower than the membrane breakdown threshold, membrane permeability increases without pore formation (electroporation). However, the detailed mechanism underlying mild electric field-induced permeability is unclear, although some studies have indicated that endocytosis and structural deformation of the cell membrane may be involved (13, 14) . Moreover, mild electric fields enhance the anticancer immune system (15, 16) . Therefore, research into the cellular effects of exposure to mild electric fields is useful for cancer research.
To date, very few studies exist regarding apoptosis in cancer cells under mild electric fields. Therefore, we investigated the relationship between pulse duration and apoptosis under mild electric fields using low-voltage electric pulses (LVEPs) and we examined the role of caspase pathways in the subsequent cellular response.
Materials and methods
Cell culture. The B16 (mouse malignant melanoma) cell line was obtained from the Cell Resource Center for Biomedical Research at the Institute of Development, Aging and Cancer of Tohoku University. Cells were cultured in RPMI-1640 medium (Irvine Scientific, Santa Ana, CA, USA) containing 10% heat-inactivated fetal bovine serum (FBS; Gibco, Grand Island, NY, USA), 50 U/ml penicillin (Gibco) and 50 μg/ml streptomycin (Gibco) at 37˚C in a humidified chamber under 5% CO 2 /95% air.
Exposure to LVEPs. Cells were collected after trypsinization, centrifuged for 5 min at 300 x g, washed in phosphate-buffered saline (PBS) and re-suspended in PBS or RPMI-1640 at a concentration of 2-3x10 6 cells/ml. The cell suspensions (400 μl) were transferred to parallel aluminum-plated electroporation/fusion chambers with 2-mm gaps (Bio-Rad, Hercules, CA, USA). Relatively low-voltage, long-duration (7.5 V/mm, 100-2000 ms) square wave consecutive pulses (1-3 pulses; duty ratio = 0.5) were applied using a function generator (FG-273; Kenwood, Tokyo, Japan).
Evaluation of membrane permeability. Membrane permeability was assessed by staining with 5 μl of propidium iodide (PI; Cell Technology, Inc., Mountain View, CA, USA) in 400 μl of cell suspension, followed by flow cytometry. Cells were washed, re-suspended at a concentration of 2-3x10 6 cells/ml in PBS and stained with 5 μl of PI in 400 μl of cell suspension. Following exposure to LVEPs, the cells were immediately analyzed by flow cytometry according to the manufacturer's protocol.
Viability assay. For the viability analysis, the cells were washed and re-suspended in RPMI-1640 at a concentration of 2-3x10 6 cells/ml. They were placed on ice for 3 min and then subjected to LVEP exposure. They were then immediately placed on ice for 30 min and analyzed using a cell viability analyzer (Vi-Cell XR; Beckman Coulter, Fullerton, CA, USA).
Apoptosis assay.
A flow cytometry apoptosis detection kit (Annexin V-FITC/7-AAD kit; Beckman Coulter) was used to identify apoptotic and necrotic cells according to the manufacturer's protocol. Briefly, cells (2-3x10 6 cells/ml)
were double-stained with 10 μl of fluorescein isothiocyanate (FITC)-labeled annexin V to detect phosphatidylserine expression during early apoptotic phases and 10 μl of 7-AAD to exclude late apoptotic and necrotic cells. Samples were analyzed using a desktop cell sorter (JSAN; Bay Bioscience, Kobe, Japan). The number of positive cells was determined in the annexin-positive fraction of the cell suspension by an arbitrary threshold setting allowing not >5% positive counts in the negative control. Cells positive for annexin alone were defined as apoptotic, whereas those positive for both annexin and 7-AAD were defined as necrotic/late apoptotic.
Caspase activity. Caspase-3 activity was measured using a caspase-3 activity detection kit (APO LOGIX™ Carboxyfluorescein Caspase Detection Kit, FAM-DEVD-FMK for caspase-3 detection; Cell Technology, Inc., Mountain View, CA, USA) according to the manufacturer's protocol. Briefly, cells were plated in a 24-well plate at a concentration of 1x10 6 cells/ml; each well contained 300 μl of RPMI-1640 supplemented with 10% FBS. After LVEP treatment, the cells were incubated in 300 μl of PBS containing 10 μl of caspase substrate (FAM-DEVD-FMK) for 1 h at 37˚C under 5% CO 2 /5% air. The cells were then collected and washed in washing buffer and FITC fluorescence was measured by flow cytometry.
The activation of caspase-8 and -9 was determined in the same manner using a caspase-8 or -9 activity detection kit (APO LOGIX Carboxyfluorescein Caspase Detection Kit, FAM-LETD-FMK for caspase-8 detection, FAM-LEHD-FMK for caspase-9 detection; Cell Technology, Inc.).
Pan-caspase inhibition. N-benzyloxycarbonyl-Val-Ala-Aspfluoromethylketone (Z-VAD-FMK; Calbiochem, San Diego, CA, USA) is a membrane permeable, irreversible inhibitor of caspase-1, -3, -4 and -7. Briefly, cells were incubated at a final concentration of 100 μM Z-VAD-FMK for 1 h at 37˚C under 5% CO 2 /95% air before LVEP application. The cells were then exposed to electric pulses, and subjected to flow cytometry to evaluate apoptosis and caspase-3 activity.
Cell growth. B16 cell growth was evaluated by cell counting. Briefly, cells were exposed to triple square wave pulses at 15 V (7.5 V/mm) for 1000 ms. The electric pulse-treated cells and control cells in each sample (5x10 4 cells) were then plated into 6-well plates containing RPMI-1640 supplemented with 10% FBS and incubated at 37˚C under 5% CO 2 /95% air. During incubation, cell number was determined using a cell viability analyzer (Vi-Cell XR; Beckman Coulter) every 24 h for 6 days.
Statistical analysis. Statistical analysis was performed using StatView 5.0 software (SAS Institute Inc., Cary, NC, USA). Comparisons of means were conducted by analysis of variance (ANOVA) and a post hoc test (Fisher's PLSD); P<0.05 was considered significant.
Results
Evaluation of membrane permeability. To determine the relationship between membrane permeability and the pulse duration in low-voltage electric fields, cells in PBS containing PI were exposed to a 15-V (7.5 V/mm) square wave; after exposure to single, double, or triple electric pulses of various durations, the cells were analyzed by flow cytometry (Fig. 1) .
After a single pulse for 0 (control), 100, 500, 1000, 1500, or 2000 ms, the cells exhibited PI uptake values of 8.5±0.5, 9.0±0.3, 10.7±0.5, 13.7±1.3, 14.5±0.9 and 17.4±1.8%, respectively. After a double pulse, the cells exhibited respective PI uptake values of 8.5±0.5, 9.0±0.7, 10.7±0.4, 14.0±0.7, 17.4±1.9 and 19.5±2.1%. After a triple pulse, the cells exhibited PI uptake values of 8.5±0.5, 10.±0.3, 13.9±1.8, 21.8±1.9, 26.7±2.9 and 28.7±2.8%, respectively. These results indicated that membrane permeability increases in accordance with pulse duration and electric pulse number in B16 cells. Although single and double pulses induced only small differences in membrane permeability, triple pulses elicited large increases in membrane permeability. However, severe bubble formation or cell aggregation were noted after 1500-and 2000-ms pulses in the double and triple electric pulse treatments; for this reason, all subsequent experiments were performed using a pulse duration of <1000 ms.
Viability. To assess cell damage due to electric pulses, cell viability was examined. Cells were stained with trypan blue for 30 min after the application of a 15-V (7.5 V/mm) square wave, again examining single, double, and triple electric pulses of varying durations. The cell viability analysis revealed that 95.9±1.0% of control cells were viable. This value was set as 100% viability and all experimental groups were compared against this value. After a single electric pulse at 100, 500, or 1000 ms, 95.4±2.7, 95.6±2.0 and 94.5±3.6% of cells, respectively, were viable. After a double electric pulse at 100, 500, or 1000 ms, 89.5±2.7, 88.1±4.2, and 79.6±3.8% of cells, respectively, were viable. After a triple electric pulse at 100, 500, or 1000 ms, 84.9±2.0, 79.1±1.6 and 78.2±2.6% of cells, respectively, were viable (Fig. 2) . These results indicated that increasing pulse number and duration cause cell damage. Notably, very little difference in cell viability was observed after triple electric pulses of 500 and 1000 ms.
Induction of apoptosis and cell death. To determine the relationship between apoptosis and the duration of LVEPs, cells were exposed to triple 15-V (7.5 V/mm) square waves of varying durations and then analyzed via flow cytometry 24 h later. As a positive control for apoptotic induction, we also examined cells treated with cisplatin (10.0 μg/ml) for 24 h (17, 18) . Fig. 3A shows flow cytometric plots for annexin V-FITC and 7-AAD staining. Cell populations exposed to electric pulses shifted to the right and upward compared to control cells, similar to cells incubated with cisplatin. These results indicated that electric pulses induce apoptosis as well as necrosis.
The rates of apoptotic cell death are shown in Fig. 3B . On average, apoptosis occurred in 2.8±0.3% of the control cells (P<0.01 vs. 500 ms, 1000 ms and cisplatin), 3.2±0.7% of cells exposed to 100-ms triple pulses (P<0.05 vs. 500 ms and cisplatin, P<0.01 vs. 1000 ms), 7.2±0.5% of cells exposed to 500-ms triple pulses (P<0.05 vs. control, 100 ms and 1000 ms), 10.5±1.6% of cells exposed to 1000-ms pulses (P<0.05 vs. 500 ms and cisplatin, P<0.01 vs. control and 100 ms) and 7.4±0.4% of the cisplatin-treated cells (P<0.05 vs. 100 ms and 1000 ms, P<0.01 vs. control). Fig. 3C shows the rate of necrosis in cells exposed to electric pulses. Generally, necrosis and late apoptosis are difficult to distinguish. Both involve membrane breakdown and result in inflammatory reactions; for these reasons, late apoptosis was grouped with necrosis in this study. On average, cell death occurred in 7.5±0.8% of the control cells (P<0.01 vs. 500 and 1000 ms), 9.7±1.2% of the cells exposed to 100-ms pulses (P<0.01 vs. 500 and 1000 ms), 19.0±2.1% of the cells exposed to 500-ms pulses (P<0.01 vs. control, 100 ms and cisplatin), 21.0±2.9% of the cells exposed to 1000-ms pulses (P<0.01 vs. control, 100 ms, and cisplatin) and 9.5±1.9% of cisplatin-treated cells (P<0.01 vs. 500 ms and 1000 ms). Fig. 3D shows the ratio of apoptosis/total cell death in cells exposed to electric pulses. On average, apoptosis accounted for 25.1±1.6% of total cell death in control cells (P<0.05 vs. 1000 ms, P<0.01 vs. cisplatin), 25.2±3.2% of total cell death in cells exposed to 100-ms pulses (P<0.01 vs. cisplatin), 26.1±1.9% of total cell death in cells exposed to 500-ms pulses (P<0.01 vs. cisplatin), 31.7±1.8% of total cell death in cells exposed to 1000-ms pulses (P<0.05 vs. control), and 39.9±3.4% of total cell death in cisplatin-treated cells (P<0.01 vs. control, 100 ms and 500 ms). Together, these data indicated that longer duration pulses induce significant cell damage, leading to necrosis as well as apoptosis. However, longer duration pulses resulted in fewer damaged (necrotic) cells while still inducing apoptosis.
Caspase-3 activity. To determine whether caspase pathways are involved in LVEP-induced apoptosis, cells were exposed to triple square wave pulses at 15 V (7.5 V/mm) for 1000 ms. Following electric pulse treatment, caspase-3 activity was measured over time (at 3, 6, 12, 24 and 48 h) using flow cytometry. Fig. 4A illustrates caspase-3 activation over time. The fluorescence intensity of the control cells was regarded as 100% activation. On average, the relative %-fluorescence intensity of the cells exposed to electric pulses increased 128.4±7.9% relative to that of the control cells at 3 h, 129.8±10.0% at 6 h, 145.0±13.0% at 12 h, 152.2±14.5% at 24 h and 119.2±9.0% at 48 h. Caspase-3 activation increased within 3 h after electric pulse exposure and increased gradually until 24 h. Thereafter, caspase-3 activation decreased gradually, but did not recover to the control level at 48 h. These results indicated that caspase-3 activity persisted after LVEP stimulation and that caspase pathways likely play a major role in LVEP-induced apoptosis.
Caspase-8 and -9 activation.
To elucidate the apoptotic pathway activated by LVEP stimulation, caspase-8 and -9 activities were measured 12 h after the application of triple square wave electric pulses at 15 V (7.5 V/mm) for 1000 ms. Caspase-8 and -9 are known as initiator caspases that activate the cell death receptor and mitochondrial apoptotic pathways, respectively. Fig. 4B shows the changes in caspase-3, -8, and -9 activities relative to the fluorescence intensity of the control cells (set at 100%). On average, the relative %-fluorescence intensity of cells exposed to electric pulses increased 142.0±8.3% for caspase-3 (P<0.01 vs. control), 131.4±5.8% for caspase-8 (P<0.05 vs. control) and 141.5±9.4% for caspase-9 (P<0.01 vs. control). These results indicated that LVEPs activate both caspase-8 and -9 (i.e., both the cell death receptor and mitochondrial pathways).
Effects of pan-caspase inhibition on apoptosis and caspase-3 activity.
To assess the relative degree of caspase dependency in LVEP-induced apoptosis, cells were incubated with the pan-caspase inhibitor Z-VAD-FMK for 1 h before exposure to a triple square wave electric pulse at 15 V (7.5 V/mm) for 1000 ms. Then, apoptosis and caspase-3 activity were analyzed using flow cytometry at 24 h. Fig. 5A shows the flow cytometric plots for annexin V-FITC and 7-AAD staining; these data show that Z-VAD-FMK inhibits LVEP-induced apoptosis. with Z-VAD-FMK (P<0.05 vs. electric pulses alone). These results indicated that 73.6% of apoptotic cells exposed to LVEP were inhibited by Z-VAD-FMK. Fig. 5C shows caspase-3 activity. The fluorescence intensity of the control cells was regarded as 100%. On average, the %-fluorescence intensity of the cells exposed to electric pulses increased to 154.1±14.2% (compared to the control value set at 100%; P<0.01 vs. control and inhibitor, P<0.05 vs. electric pulse + inhibitor), whereas %-fluorescence intensity remained at 99.7±1.1% for cells incubated with Z-VAD-FMK (P<0.01 vs. electric pulse) and at 114.0±6.9% for cells exposed to electric pulses with Z-VAD-FMK (P<0.05 vs. electric pulse). These results indicated that the percentage of cells showing LVEP-induced caspase-3 activation decreased by 74.1% in response to Z-VAD-FMK treatment. Taken together, these experiments showed that Z-VAD-FMK suppresses LVEP-induced apoptosis by inhibiting caspase-3 activity.
Cell growth. To assess the effect of LVEP stimulation on B16 cell growth, cells exposed to triple square wave pulses at 15 V (7.5 V/mm) for 1000 ms and control cells were counted at 24-h intervals over 6 days using a cell viability analyzer. The growth curve illustrated in Fig. 6 indicates that LVEPs inhibit B16 cell growth.
Discussion
Electroporation induces pore formation and high membrane permeability when the membrane potential of cells rises above the membrane breakdown threshold (1, 4) . However, when the membrane potential of cells remains below the membrane breakdown threshold, extracellular substance transport occurs via phagocytosis (13, 14) .
In our experiments, we used 15-V (7.5 V/mm) electric pulses for cell stimulation. This voltage was selected because it produces a membrane potential less than half that of the breakdown threshold (200-250 mV) (1, 4) . Specifically, this value was calculated using the formula V t = 1.5 x E x a, where V t is the membrane potential, E is the electrical field and a is the cell radius for B16 cells (ca. 14-16 μm) (19) . Therefore, we assumed that the observed increase in membrane permeability, as determined by increased PI uptake, was due not to electroporation, but rather phagocytosis under a low-voltage electrical field.
Consistent with previous studies (20, 21) , PI uptake increased linearly with increased pulse duration and pulse number (Fig. 1) . Similarly, the rate of apoptosis increased in accordance with PI uptake, suggesting that the uptake of extracellular substances from the medium may induce apoptosis.
LVEPs were previously reported to induce membrane structural change and vesicle formation and to affect ion transport over the course of several days (14, 22) . As changes in K + and in particular Ca 2+ may induce apoptosis (11, 23, 24) , such ion dysregulation and the influx of extracellular substances is thought to induce apoptosis gradually over an extended period of time. In our experiments, we analyzed caspase-3 activity as representative of the caspase pathways activated during apoptosis (25) (26) (27) and we observed mild but persistent caspase-3 activation over 48 h, a relatively long period (Fig. 4) . These data appear to support the idea that membrane dysfunction and LVEP-induced phagocytosis continued over a long period.
Moreover, we used a pan-caspase inhibitor (Z-VAD-FMK) to assess the relative degree of caspase dependency in LVEPinduced apoptosis. Caspase-3 is a key enzyme in the caspaseinduced apoptotic pathway; it is the main downstream effector caspase that is activated by the initiator caspases, caspase-8 of the cell death receptor pathway and caspase-9 of the mitochondrial pathway, leading to the cleavage of a number of cellular substrates leading to apoptosis (25) (26) (27) . Thus, caspase-3 activity represents the activation of the greater part of the caspase cascade. In cells exposed to electric pulses, 73.6% of apoptotic cells were inhibited by the Z-VAD-FMK treatment (Fig. 5B) . Note that Z-VAD-FMK also induced cell death, including apoptosis, which is consistent with previous studies (28, 29) . Accordingly, Z-VAD-FMK may cause endoplasmic reticulum (ER) stress and thus induce apoptosis (30) (31) (32) . Furthermore, 74.1% of caspase-3 activity in electric pulse-treated cells was inhibited by the Z-VAD-FMK treatment (Fig. 5C ). This finding is also compatible with other studies (33) (34) (35) . Caspases are roughly divided into initiator caspases and effector caspases (e.g., caspase-3, -6 and -7). Although caspase-3 and -7 are structurally similar and can be inhibited by Z-VAD-FMK, caspase-6 shows very different characteristics and cannot be inhibited by Z-VAD-FMK (33) . In addition, caspase-6 is activated by both caspase-3-dependent and -independent cascades (36) . Moreover, FAM-DEVD-FMK used for measuring caspase-3 activity can also bind to caspase-7 and -6. Thus, Z-VAD-FMK does not completely inhibit effector caspase activity. If LVEP-induced effector caspase activity was completely inhibited, apoptosis would also be expected to be completely abolished. Therefore, persistent apoptosis is likely due to the inadequate inhibition of caspase-6 (25, 37) . Nevertheless, our data indicate that LVEP-induced apoptosis was primarily dependent upon caspase-3 activation.
As shown in Fig. 4B , LVEPs activated both the cell death receptor (caspase-8) and mitochondrial (caspase-9) pathways. Therefore, LVEP stimulation appears to have widespread and non-specific cellular effects, likely involving complex changes to the extracellular environment, membrane structure, ion transport and the transport of vesicles containing various substances, such that LVEPs function as both intrinsic and extrinsic stressors. These various stressors may naturally induce membrane dysfunction, mitochondrial stress, and ER stress, and could activate the caspase pathway (38) . Moreover, electric pulse treatment induces intracellular Ca 2+ flux (11, 39) . Accordingly, the primary mechanism underlying apoptosis in response to LVEPs may involve membrane structural change, vesicle formation, and disrupted ion transport, resulting in the influx of Ca 2+ and ONCOLOGY REPORTS 23: 1425-1433, 2010 Figure 6 . Effect of low-voltage electric pulses on cell growth. Electric pulsetreated cells and control cells (5x10 4 cells each) were incubated in RPMI-1640 containing 10% fetal bovine serum at 37˚C under 5% CO 2 /95% air. The cells were counted using a cell viability analyzer at 24-h intervals for 6 days. Data are shown as the mean ± the standard error of the mean of two separate experiments, each performed in triplicate. extracellular substances that simultaneously activate both the cell death receptor and mitochondrial caspase cascades. Under this assumption, the greater part of LVEP-induced apoptosis is likely dependent upon caspase-3 activation.
Finally, we investigated the effect of LVEPs on cell growth to assess the applicability of this method in anticancer treatment. LVEPs inhibited cell growth by inducing apoptosis, as well as necrosis (Figs. 3A-C and 6 ). The cell death ratio (apoptosis/total cell death) in response to LVEPs was markedly higher compared to that of control cells (Fig. 3D) , suggesting that LVEP stress allowed the selective induction of apoptosis. Notably, long-duration pulses were much more effective in inducing apoptosis, singling out this method as a potential strategy in anticancer treatment.
In summary, LVEPs that induce membrane potentials below the membrane breakdown threshold increase membrane permeability without pore formation through increased extracellular transport via phagocytosis. In addition, LVEPs induce apoptosis in a manner that is primarily, but not wholly, dependent upon caspase-3 activation. LVEP-induced apoptosis may result from membrane dysfunction that disrupts the transport of Ca 2+ and extracellular substances, which are potent caspase activators. However, further studies are required to define the electric pulse conditions that most effectively induce apoptosis and to elucidate the detailed mechanism of LVEPinduced apoptosis.
